Invaginating synapses in the basal amygdala are a unique type of GABAergic synapses equipped with molecular-anatomical organization specialized for 2-arachidonoylglycerol (2-AG)-mediated endocannabinoid signaling. Cholecystokinin (CCK)-positive basket cell terminals protrude into pyramidal cell somata and form invaginating synapses, where apposing presynaptic and postsynaptic elements are highly loaded with cannabinoid receptor CB 1 or 2-AG synthetic enzyme diacylglycerol lipase-␣ (DGL␣), respectively. The present study scrutinized their neurochemical and neuroanatomical phenotypes in adult mouse telencephalon. In the basal amygdala, vesicular glutamate transporter-3 (VGluT3) was transcribed in one-fourth of CB 1 -expressing GABAergic interneurons. The majority of VGluT3-positive CB 1 -expressing basket cell terminals apposed DGL␣ clusters, whereas the majority of VGluT3-negative ones did not. Importantly, VGluT3-positive basket cell terminals selectively constructed invaginating synapses. GABA A receptors accumulated on the postsynaptic membrane of invaginating synapses, whereas metabotropic glutamate receptor-5 (mGluR 5 ) was widely distributed on the somatodendritic surface of pyramidal cells. Moreover, CCK 2 receptor (CCK 2 R) was highly transcribed in pyramidal cells. In cortical regions, pyramidal cells equipped with such VGluT3/CB 1 /DGL␣-accumulated invaginating synapses were found at variable frequencies depending on the subregions. Therefore, in addition to extreme proximity of CB 1 -and DGL␣-loaded presynaptic and postsynaptic elements, tripartite transmitter phenotype of GABA/glutamate/CCK is the common neurochemical feature of invaginating synapses, suggesting that glutamate, CCK, or both can promote 2-AG synthesis through activating G␣ q/11 protein-coupled mGluR 5 and CCK 2 R. These molecular configurations led us to hypothesize that invaginating synapses might be evolved to provide some specific mechanisms of induction, regulation, and cooperativity for 2-AG-mediated retrograde signaling in particular cortical and cortex-like amygdaloid regions.
Introduction
Upon depolarization-induced [Ca 2ϩ ] i elevation (Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001) , G␣ q/11 protein-coupled receptor activation (Maejima et al., 2001) , or both (Varma et al., 2001; , endocannabinoids (eCBs) are released from postsynaptic neurons, act retrogradely on presynaptic cannabinoid receptor-1 (CB 1 ), and induce short-and long-term suppression of transmitter release (Hashimotodani et al., 2007a) . This retrograde signaling is involved in various neural functions, such as learning and memory, analgesia, and neuroprotection ). In the brain, 2-arachidonoylglycerol (2-AG) is the major eCB synthesized by sn-1 diacylglycerol lipase-␣ (DGL␣) (Mechoulam et al., 1995; Sugiura et al., 1995; Stella et al., 1997; Gao et al., 2010; Tanimura et al., 2010) . 2-AG is degraded mainly by monoacylglycerol lipase (Dinh et al., 2002; Blankman et al., 2007; Schlosburg et al., 2010) , which regulates the magnitude and spatiotemporal profiles of retrograde signaling (Gulyas et al., 2004; Hashimotodani et al., 2007b; Pan et al., 2009; Tanimura et al., 2012; Blankman and Cravatt, 2013) .
In the cerebral cortex, hippocampus, and BLA, CB 1 is enriched in GABAergic terminals of CCK-positive basket cells that target pyramidal cell somata (Katona et al., 1999 Marsicano and Lutz, 1999; Tsou et al., 1999; Boder et al., 2005) . In these cortical regions and cortex-like amygdala, DGL␣ is concentrated at dendritic spines forming excitatory synapses in pyramidal cells , whereas CB 1 is expressed weakly in excitatory terminals innervating pyramidal cell spines (Kawamura et al., 2006) . Such a reciprocal molecular arrangement is likely to coordinate the induction of 2-AG-mediated retrograde suppression of excitation and inhibition . Against this prevailing scheme, we previously discovered a unique type of CCK-positive basket cell synapses in the basal amygdala (BA), termed invaginating synapses (Yoshida et al., 2011) . High levels of DGL␣ and CB 1 are characteristic of invaginating synapses, where CB 1 -expressing nerve terminals invaginate DGL␣-recruited pyramidal cell somata. In cortical regions, CCK-positive basket cells are classified into those expressing vesicular glutamate transporter-3 (VGluT3) or VIP Klausberger and Somogyi, 2008) ; however, the type of basket cells that construct invaginating synapses is unclear. Moreover, although invaginating synapses are unique to the BA within the amygdala, it remains unknown whether they exist in cortical regions.
In the present study, we found that VGluT3-expressing CCKpositive basket cells exclusively formed invaginating synapses in the BA. The postsynaptic membrane of invaginating synapses expressed GABA A receptors, whereas metabotropic glutamate receptor-5 (mGluR 5 ) was widely expressed on the extrasynaptic somatodendritic surface. Pyramidal cells also expressed CCK 2 receptor (CCK 2 R) mRNA richly. Furthermore, VGluT3/CB 1 / DGL␣-accumulated invaginating synapses were richly formed in several cortical regions. These findings suggest that tripartite transmitter phenotype of GABA/glutamate/CCK is the common neurochemical feature of invaginating synapses in cortical regions and cortex-like amygdala, and that glutamate, CCK, or both promote retrograde suppression of transmitter release through activating their G␣ q/11 protein-coupled receptors.
Materials and Methods
Animals and tissue sections. All animal experiments were performed according to the guidelines for the care and use of laboratory animals of Hokkaido University. Under deep pentobarbital anesthesia (100 mg/kg of body weight, i.p.), male C57BL/6 mice at 2-4 months of age (adult) were fixed by transcardial perfusion with 4% PFA in 0.1 M phosphate buffer, pH 7.2, for immunofluorescence and in situ hybridization, and 4% PFA/0.1% glutaraldehyde in 0.1 M phosphate buffer for immunoelectron microscopy. Microslicer sections (50 m in thickness) were prepared for immunofluorescence and immunoelectron microscopy (VT1000S, Leica). For chromogenic in situ hybridization, brains were postfixed in the same fixative for 3 d at room temperature and used to prepare frozen sections (50 m) with a cryostat (CM1900, Leica). For fluorescence in situ hybridization (FISH), fresh frozen sections (20 m) were prepared using unfixed brains. Qualitative and quantitative data were obtained from two or three mice and pooled together.
In situ hybridization. We used the following fluorescein-or digoxigenin (DIG)-labeled riboprobes: mouse CB 1 (121-1630, U22948), mouse preproCCK (124-411bp, accession number NM_031161), mouse CCK 2 R (206-1243, NM_007627), mouse 67 kDa glutamic acid decarboxylase (GAD67, 1035-2015; NM_008077), mouse VGluT1 (301-1680, BC054462), mouse, VGluT3 (22-945, NM_182959), and mouse preproVIP (155-683, NM_011702) . Probe synthesis and in situ hybridization were performed following the protocol described previously .
For immunohistochemical detection of DIG and fluorescein, sections were blocked with DIG blocking solution (TNT buffer containing 1% blocking reagent [Roche Diagnostics] and 4% normal sheep serum) for 30 min, and 0.5% tyramide signal amplification (TSA) blocking reagent (PerkinElmer) in TNT buffer for 30 min. Sections were incubated with either alkaline phosphatase-conjugated sheep anti-DIG (Roche Diagnostics, 1:500, 1.5 h) for chromogenic detection or with peroxidaseconjugated anti-DIG (Roche Diagnostics; 1:1000, 1 h) or anti-fluorescein antibody (Invitrogen; 1:1500, 1 h) for fluorogenic detection. After two washes in TNT buffer for 15 min each, chromogenic detection was performed using nitro-blue tetrazolium and 5-bromo-4-chloro-3Ј-indolyphosphate (Roche Diagnostics, 1:50) in detection buffer (0.1 M Tris-HCl, pH 9.5, 0.1 M NaCl, and 50 mM MgCl 2 ) for 12 h. For doublelabeling FISH the first detection was performed with peroxidaseconjugated anti-fluorescein antibody followed by incubation with the FITC-TSA plus amplification kit (PerkinElmer). After inactivation of residual peroxidase activity by dipping sections in 1% H 2 O 2 for 30 min, the second detection was performed by incubating sections in peroxidase-conjugated anti-DIG antibody, followed by incubation with the indocarbocyanine (Cy3)-TSA plus amplification kit (PerkinElmer). Images of chromogenic in situ hybridization were taken with a light microscope (BZ-9000; Keyence), and PlanApo (4ϫ/0.20 and 10ϫ/0.45) objective lenses (Nikon), whereas images of FISH were captured using confocal laser-scanning microscope equipped with a HeNe/Ar laser, and PlanApo (10ϫ/0.40) and PlanApo (20ϫ/0.70) objective lenses (FV1000; Olympus). The specificity of hybridization signals with use of the above antisense riboprobes was tested by the lack of any significant labeling with use of their sense riboprobes. CB 1 mRNA-or preproCCK mRNA-positive cells were microscopically classified into strong and weak cells. Strong cells were defined as cells with fluorescent signals strong enough to fill up the nucleoplasm, whereas weak cells were defined as those with negative or translucent nucleoplasm. To assess the validity of this classification, we measured fluorescent intensity of CB 1 mRNA using an ImageJ software (http://imagej.nih.gov/ij/). The mean fluorescent intensity in strong cells was 3.7 times higher than that in weak cells.
Antibodies. We used the following primary antibodies raised against the following molecules: Ca 2ϩ /calmodulin-dependent kinase II ␣ subunit (CaMKII␣), CB 1 , DGL␣, GABA A receptor ␣1 subunit (GABA A R␣1), AMPA receptor subunit GluA2, mGluR 5 , microtubule-associated protein 2 (MAP2), VGluT3, vesicular inhibitory amino acid transporter (VIAAT), and VIP. Information on the antigen sequence, host species, specificity, and source of these primary antibodies is summarized in Table 1 .
Immunofluorescence. All immunohistochemical incubations were performed at room temperature. For immunofluorescence, microslicer sections were incubated successively with 10% normal donkey serum for 20 min, a mixture of primary antibodies overnight (1 g/ml), and a mixture of Alexa405-Alexa488-, Cy3-, and Alexa647-labeled species-specific secondary antibodies for 2 h at a dilution of 1:200 (Invitrogen, Jackson ImmunoResearch Laboratories, Abcam). PBS with 0.1% Tween 20 was used as a dilution buffer. Images were taken with a confocal laserscanning microscope equipped with the 405, 473, 559, and 647 nm diode laser lines and a PLAPON 60ϫ OSC2 objective lens (NA: 1.4) (FV1200; Olympus).
Immunoelectron microscopy. For pre-embedding immunogold electron microscopy, microslicer sections were dipped in Blocking Solutions (Aurion) for 30 min and incubated overnight with primary antibodies diluted with 1% BSA/0.004% saponin/PBS and then with secondary antibodies linked to 1.4 nm gold particles (Nanogold; Nanoprobes) for 2 h. Immunogolds were intensified with a silver enhancement kit (R-GENT SE-EM, Aurion). Sections were treated with 1% osmium tetroxide for 15 min, stained in block with 2% uranyl acetate for 20 min, dehydrated, and embedded in Epon 812.
For postembedding immunogold electron microscopy, ultrathin sections on nickel grids were treated with successive solutions, as follows: saturated sodium ethoxide for 2 s, 50 mM glycine in incubation solution (0.03% Triton X-100 in Tris-buffered saline, pH 7.4; TBST) for 10 min, blocking solution containing 2% normal goat serum in TBST (GTBST) for 10 min, rabbit GABA A R␣1 or GluA2 antibody (20 g/ml for each) diluted in GTBST overnight, colloidal gold-conjugated (10 nm) antirabbit secondary antibody (1:100, British BioCell International) in GT-BST for 2 h, 2% normal rabbit serum in TBST for 30 min, guinea pig VGluT3 antibody in GTBST for 6 h, and colloidal gold-conjugated (15 nm) anti-guinea pig secondary antibody (1:100, British BioCell International) in GTBST for 2 h. Sections were extensively washed with distilled water and stained with 5% uranyl acetate/40% ethanol for 90 s and Reynold's lead citrate solution for 90 s. Photographs were taken with an H-7100 (Hitachi) or JEM1400 (JOEL) electron microscopes. For quantitative analysis, postsynaptic membrane-associated immunogold particles, defined as Ͻ30 nm apart from the cell membrane, were counted on electron micrographs and analyzed using an ImageJ software.
Results

VGluT3
؉ /CCK ؉ interneurons highly express CB 1 mRNA To grasp the pattern of overall expression, chromogenic in situ hybridization for CB 1 , VGluT3, and GAD67 mRNAs used coronal forebrain sections through the amygdala. Two distinct patterns of cellular expression were noted for CB 1 mRNA in the forebrain ( Fig. 1 A, B) . Weak diffuse labeling and intense dispersed labeling coexisted in the cerebral cortex, hippocampus, and BA, whereas diffuse labeling was predominant in the striatum, central nucleus of the amygdala (CeA), and ventromedial hypothalamic nucleus. VGluT3 mRNA was expressed in the minority of cells dispersed in the cerebral cortex, hippocampus, striatum, and BA, whereas no such cells were found in the lateral nucleus of the amygdala (LA) and CeA (Fig. 1C,D) . GAD67 mRNA was expressed in relatively few cells in the cerebral cortex, hippocampus, BA, and LA, whereas it was expressed in the majority of cells composing the CeA, striatum, reticular thalamic nucleus, zona incerta, and arcuate hypothalamic nucleus ( Fig.  1 E, F ). All these expression patterns are consistent with previous reports (Matsuda et al., 1993; Gras et al., 2002; Schäfer et al., 2002; Yoshida et al., 2011) . No significant labeling was observed with use of sense riboprobes (data not shown). These data support the specificity of probes for in situ hybridization.
In the BA, cells intensely expressing CB 1 mRNA are known to be CCK-positive GABAergic interneurons (Marsicano and Lutz, 1999; Katona et al., 2001; McDonald and Mascagni, 2001 ). We characterized the neurochemical properties of VGluT3 mRNAexpressing cells by double-labeling FISH. All cells expressing VGluT3 mRNA expressed mRNAs for GAD67 (n ϭ 57 cells), CB 1 (n ϭ 42), and preproCCK (n ϭ 52) ( Fig. 1G-I , arrowheads). In terms of expression patterns for CB 1 and preproCCK mRNAs, cells in the BA were readily classified into strong and weak cells. All neurons expressing VGluT3 mRNA were CB 1 -strong and preproCCK-strong cells (Fig. 1H, arrowheads ). There were also CB 1 -strong cells that had no detectable signals for VGluT3 mRNA (Fig. 1H, arrows) . We found that VGluT3 mRNA was expressed in 27.6% of CB 1 -strong cells (n ϭ 152). Conversely, most of the CB 1 -weak cells were pyramidal cells expressing VGluT1 mRNA, with the rest being GABAergic interneurons expressing GAD67 mRNA (data not shown). Therefore, all neurons expressing VGluT3 mRNA are CB 1 -strong/preproCCK-strong GABAergic interneurons, and they constitute one-fourth of CB 1 -strong cell populations in the BA.
VIP
؉ /CCK ؉ interneurons weakly express CB 1 mRNA In the hippocampus and cerebral cortex, VIP is also expressed in CCK-positive basket cells, but they constitute cell populations that are distinct from VGluT3-expressing ones . In the BA, interneurons expressing preproVIP mRNA were very low or negative for VGluT3 mRNA and vice versa (Fig.  1J ). All neurons expressing preproVIP mRNA were labeled for CB 1 mRNA (n ϭ 106), but the majority (89.6%) were classified as CB 1 -weak cells. Thus, compared with VGluT3-expressing CCKpositive interneurons, VIP-expressing CCK-positive interneurons form distinct populations and express CB 1 at much lower transcription levels in the BA.
DGL␣ clusters beneath VGluT3
؉ /CB 1 ؉ basket cell terminals Next, we pursued, by multiple-labeling immunofluorescence, the distribution of terminals derived from CB 1 /VGluT3-expressing GABAergic interneurons in the BA. Almost all terminals with intense CB 1 immunoreactivity overlapped with VIAAT, a marker of GABAergic and glycinergic inhibitory terminals. These CB 1 ϩ /VIAAT ϩ terminals were either VGluT3-positive ( Fig. 2A , arrowheads) or VGluT3-negative (arrows); both types formed perisomatic baskets around CaMKII␣-labeled pyramidal cell somata and were also distributed in the neuropil ( Fig. 2A ). Of these, VGluT3-positive CB 1 ϩ /VIAAT ϩ terminals constituted 56.6% and 31.5% of the total CB 1 ϩ /VIAAT ϩ terminals on the soma (n ϭ 687) or in the neuropil (n ϭ 54), respectively (Fig. 2B) , showing a statistically significant difference (p ϭ 0.0005, 2 test). Thus, VGluT3-positive CB 1 ϩ /VIAAT ϩ terminals preferentially target pyramidal cell somata in the BA. In the LA (Fig. 2C) or CeA (Fig. 2D) , however, VGluT3 was mostly distributed in the neuropil, and rarely overlapped with VIAAT, suggestive of VGluT3 expression in nonGABAergic terminals.
Our previous study has shown that DGL␣, the major synthetic enzyme of 2-AG, is clustered on pyramidal cell somata and selectively apposed CB 1 -expressing CCK-positive basket cell terminals in the BA (Yoshida et al., 2011) . To compare the extent of apposition of VGluT3-positive or VGluT3-negative basket cell terminals to DGL␣ clusters, we used quadruple immunofluorescence for these molecules (Fig. 2E) . We found that 51.4% of pyramidal cells were associated with perisomatic DGL␣ clusters (Fig. 2E) , whereas others were not, even if they were surrounded by CB 1 ϩ /VIAAT ϩ terminals (data not shown, n ϭ 170). In 97 pyramidal cell somata carrying DGL␣ clusters, 81.7% of VGluT3-positive CB 1 ϩ /VIAAT ϩ terminals were apposed to DGL␣ clusters (Fig. 2E , arrowheads, n ϭ 246), whereas only 28.8% of VGluT3-negative CB 1 ϩ /VIAAT ϩ terminals were opposite to DGL␣ clusters (Fig. 2E , arrows, n ϭ 215). When similar quadruple immunofluorescence analysis was applied to VIPpositive terminals, they were encountered much less frequently on pyramidal cell somata (Fig. 2F ) . Perisomatic VIP-positive terminals were colabeled for VIAAT and CB 1 , but DGL␣ clusters were not found beneath VIP-positive terminals (n ϭ 15). These findings indicate that VGluT3, but not VIP, is preferentially expressed in DGL␣-apposing/CB 1 -expressing basket cell terminals.
VGluT3
؉ terminals selectively form invagination Because unique invagination is formed at CB 1 -positive basket cell synapses on pyramidal cell somata in the BA (Yoshida et al., 2011), we examined the morphology of synapses innervated by VGluT3-positive and VGluT3-negative terminals by preembedding immunoelectron microscopy (Fig. 3) . Terminal profiles that formed symmetrical synaptic contacts on to pyramidal cell somata were sampled. We found that 91.2% of VGluT3-positive terminals formed invagination into pyramidal cell somata (i.e., invaginating synapses, n ϭ 34), whereas none of the VGluT3-negative terminals formed invagination (i.e., flat synapses, n ϭ 105). These results indicate that VGluT3-expressing CCK-positive basket cell terminals selectively form invaginating synapses.
GABA A Ra1 expression at invaginating synapses Symmetrical type of contacts at invaginating synapses in the BA (Yoshida et al., 2011) further suggests that the major transmitter mediating fast synaptic transmission is GABA. To confirm this from the molecular-anatomical point of view, we examined GABA A R␣1 and glutamate receptor subunit GluA2 on the postsynaptic membrane of invaginating synapses by postembedding immunogold microscopy (Fig. 4) . Invaginating synapses were sampled from profiles that formed structural invagination (Fig.  4 A, C, filled arrows) and had immunogold labeling with more than two particles for VGluT3 in presynaptic terminals. We also sampled asymmetrical axo-dendritic synapses for comparison (images not shown). By counting the density of immunogold labeling per 1 m of the postsynaptic membrane for GABA A R␣1 (A, B) , VGluT3 (C, D), and GAD67 (E, F ) in coronal forebrain sections through the amygdala in adult mice. G-J, Double-labeling FISH for VGluT3 mRNA (red) and neuronal markers (green) in the BA. Arrowheads indicate VGluT3 mRNA-expressing neurons that coexpress GAD67 (G), CB 1 (H ), or preproCCK (I ) mRNA at high levels but lack preproVIP mRNA expression (J ). H, Arrows indicate CB 1 mRNA-strong cells that lack VGluT3 mRNA expression. Arc, Arcuate hypothalamic nucleus; Cx, cerebral cortex; Hi, hippocampus; RTN, reticular thalamic nucleus; St, striatum; VMH, ventromedial hypothalamic nucleus; ZI, zona incerta. Scale bars: A, C, E, 500 m; B, D, F, 100 m; G-J, 50 m. (Fig. 4B , open arrowheads) and GluA2 (Fig. 4D , open arrowheads) was 2.75 Ϯ 0.62 (mean Ϯ SE, n ϭ 30) or 0.00 Ϯ 0.00 (n ϭ 12), respectively, at invaginating synapses, and 0.17 Ϯ 0.17 (n ϭ 25) or 1.67 Ϯ 0.61 (n ϭ 24), respectively, at asymmetrical synapses. Thus, the postsynaptic receptor phenotype at invaginating synapses is GABAergic.
Extrasynaptic expression of mGluR 5 in BA pyramidal cells
To pursue a possible target of glutamate that may be coreleased from VGluT3-expressing basket cell terminals, we examined immunohistochemical distribution of mGluR 5 because it is one of the G␣ q/11 protein-coupled glutamate receptors and expressed abundantly in pyramidal cells in the BA (Yoshida et al., 2011) . Immunofluorescence showed a widespread and dense distribution of mGluR 5 in the BA, where mGluR 5 was detected along the surface of MAP2-labeled somata and dendrites of putative pyramidal cells (Fig. 5A, arrows) . mGluR 5 immunoreactivity showed no particular accumulation at, or gradient toward, DGL␣ clusters on pyramidal cell somata (Fig. 5A, arrowheads) . By pre-embedding immunoelectron microscopy, metal particles for mGluR 5 were widely distributed on the extrasynaptic surface and intracellular sites of somata, dendritic shafts, and dendritic spines of putative pyramidal cells (Fig. 5B) . The synaptic membrane was rarely labeled for mGluR 5 , except for the synaptic edge. The density of plasma membrane-attached metal particles was similarly high in these somatodendritic compartments, compared with nerve terminals and myelin sheath (Fig.  5C ). Therefore, mGluR 5 is widespread on the extrasynaptic surface of somatodendritic elements in BA pyramidal cells.
High expression of CCK 2 R mRNA in BA pyramidal cells
The neurochemical phenotype also suggests that CCK is coreleased from terminals forming invaginating synapses. Because specific CCK 2 R antibodies applicable to immunohistochemistry were not available, we examined its expression by FISH. Antisense riboprobe for CCK 2 R mRNA labeled the BA intensely (Fig.  6 A, C) . By double-labeling in situ hybridization, CCK 2 R mRNA was detected in both pyramidal cells expressing VGluT1 mRNA (Fig. 6B ) and interneurons expressing GAD67 mRNA (Fig. 6D) , with higher levels in the former.
Differential distribution of invaginating synapses in cortical regions
We examined whether perisomatic synapses with intensive molecular assembly of VGluT3, CB 1 , and DGL␣ were also present in cortical regions (Fig. 7) . By quadruple immunofluorescence for VGluT3, CB1, VIAAT (or DGL␣), and CaMKII␣, VGluT3-positive CB 1 ϩ /VIAAT ϩ terminals were attached to CaMKII␣-labeled pyramidal cell somata (Fig. 7A, arrowheads) and preferentially apposed DGL␣ clusters (Fig. 7B, arrowheads) in the primary motor cortex, as seen in the BA. In contrast, although they formed pericellular baskets around pyramidal cell somata, DGL␣ clusters were not formed beneath VGluT3-positive CB 1 ϩ / VIAAT ϩ terminals in the hippocampal CA1 (Fig. 7C , arrowheads). Instead, DGL␣ was expressed widely on the surface of CA1 pyramidal cell somata, regardless of pericellular baskets (Fig. 7C) .
To quantify the differences, we measured the frequency of pyramidal cells that were attached by more than one VGluT3-positive CB 1 ϩ /VIAAT ϩ terminal or had more than one DGL␣ cluster around CaMKII␣-labeled pyramidal cell somata in the 
/VIAAT
ϩ terminals were more or less found in various cortical regions, of which the hippocampal CA1 was most abundant and the medial prefrontal cortex was least (Fig. 7D, red columns) . In comparison, the frequency of pyramidal cells having DGL␣ clusters was highly viable among cortical regions (Fig. 7D, blue columns) , showing no particular relationship to those attached by VGluT3-positive terminals. Reflecting this regional heterogeneity of perisomatic DGL␣ clusters, pyramidal cells with VGluT3-positive CB 1 ϩ /VIAAT ϩ terminals apposing DGL␣ clusters were frequent in the primary motor, secondary motor, entorhinal, and primary somatosensory cortices, as in the BA, whereas they were rare in the hippocampal CA1 and medial prefrontal cortex, as in the LA and CeA (Fig. 7D,  green columns) . Therefore, perisomatic synapses with the molecular assembly characteristic of invaginating synapses are also present in cortical regions, but the frequency of occurrence is considerably variable among cortical regions, as is the case for cortex-like amygdala (i.e., the BA vs the LA).
Invaginating synapses in the entorhinal cortex
Finally, we scrutinized perisomatic synapses in the entorhinal cortex (Fig. 8) . Again here, VGluT3-positive CB 1 ϩ /VIAAT ϩ terminals were frequently encountered around CaMKII␣-labeled pyramidal cell somata (Fig. 8A, arrowheads) , and these terminals often apposed DGL␣ clusters (Fig. 8B, arrowheads) . VGluT3-positive CB 1 ϩ /VIAAT ϩ terminals constituted 32.3% of the total CB 1 ϩ /VIAAT ϩ terminals on the soma ( Fig. 8C ; n ϭ 226). Moreover, in 46 pyramidal cell somata carrying DGL␣ clusters, 75.0% of VGluT3-positive CB 1 ϩ /VIAAT ϩ terminals were apposed to DGL␣ clusters (n ϭ 108), whereas only 28.8% of VGluT3-negative CB 1 ϩ /VIAAT ϩ terminals were apposed to DGL␣ clusters (n ϭ 111). We further confirmed selective formation of invaginating synapses by VGluT3-positive basket cell terminals (Fig. 8D) or at DGL␣-clustered sites (Fig. 8E) in the entorhinal cortex. Together, invaginating synapses, at which DGL␣ is selectively clustered beneath VGluT3/CB 1 -expressing basket cell terminals, are formed in particular cortical regions.
Discussion
GABAergic interneurons are classified on the basis of firing patterns, molecular expression profiles, and innervations of distinct subcellular domains of pyramidal cells. VGluT3-expressing CCK-positive basket cells are one of at least 21 interneuron classes in the hippocampus CA1 Klausberger and Somogyi, 2008) and highly express CB 1 in cortical regions and BLA (Katona et al., 1999 Marsicano and Lutz, 1999; Tsou et al., 1999; Boder et al., 2005) . Specific spike timing of CCK-positive interneurons in hippocampal network oscillations and their sensitivity to eCBs have been thought to link to mnemonic processes (Robbe et al., 2006; Lasztó czi et al., 2011) . Selective VGluT3 expression in CB 1 -expressing CCK-positive basket cells in the BA is thus consistent with the framework of cortical interneuron diversity. In the BA, we found that 56.6% of CB 1 -expressing basket cell terminals around pyramidal cell somata were immunopositive for VGluT3, and that 81.7% of VGluT3-positive CB 1 -expressing basket cell terminals apposed DGL␣ clusters in pyramidal cells carrying DGL␣ clusters. Electron microscopically, 91.2% of VGluT3-positive terminals formed invagination, but none of VGluT3-negative terminals did it. Therefore, an original important finding in the present study is that VGluT3-expressing CCK-positive basket cells selectively construct invaginating synapses, as schematically depicted in Figure 9 .
Tripartite transmitter phenotype at invaginating synapses Whereas classical glutamatergic neurons express VGluT1 and VGluT2, VGluT3 is expressed in subsets of GABAergic, serotonergic, and cholinergic neurons (Fremeau et al., 2002; Nelson et al., 2014) . Thus, our finding further highlights that tripartite transmitter phenotype of GABA/glutamate/CCK is the common neurochemical feature of invaginating synapses.
Corresponding to this notion, we detected GABA A R␣1, mGluR 5 , and CCK 2 R expression in BA pyramidal cells. Of these, GABA A R␣1 accumulated on the postsynaptic membrane at invaginating synapses, whereas mGluR 5 was widely distributed on the extrasynaptic somatodendritic surface. Predominant extrasynaptic expression of mGluR 5 is common to hippocampal pyramidal cells and striatal medium spiny neurons (Baude et al., 1993; Lujan et al., 1996; Uchigashima et al., 2007). The distinct subcellular distribution of distinct receptor classes suggests that GABA is involved in fast inhibitory synaptic transmission via the mode of wired transmission, whereas glutamate, in addition to its well-known wired transmission for fast excitatory synaptic transmission at excitatory synapses, modulates neuronal and synaptic functions via the mode of volume transmission. The former notion is supported by the findings that invaginating synapses are symmetrical type of contacts typical to inhibitory synapses (Yoshida et al., 2011) , and that inhibitory synapses on BLA pyramidal cells undergo CB 1 -mediated short-term depolarization-induced suppression of inhibition (DSI) and long-term depression (Katona 
/VIAAT
ϩ terminals, respectively, on CaMKII␣ ϩ pyramidal cell somata (asterisks). B, C, Quadruple immunofluorescence for VGluT3 (red), CB 1 (green), DGL␣ (blue), and CaMKII␣ (white) in the primary motor cortex (B) and hippocampal CA1 region (C). Arrowheads and arrows indicate VGluT3-positive or -negative CB 1 ϩ terminals, respectively, on CaMKII␣ ϩ pyramidal cell somata (asterisk). VGluT3-positive terminals appose DGL␣ clusters in the primary motor cortex, but not in the hippocampal CA1. D, Bar graphs showing differential DGL␣ clustering beneath VGluT3-positive CB1 ϩ /VIAAT ϩ terminals among cortical regions. The ordinate indicates the percentage of pyramidal cells whose cell bodies are associated with more than one VGluT3-positive CB1 ϩ /VIAAT ϩ terminal (red), more than one DGL␣ cluster (blue), or more than one DGL␣ clusters in apposition to VGluT3-positive CB 1 ϩ terminals (green). We analyzed CaMKII␣ ϩ pyramidal cells in the basal (BA; 165 pyramidal cells for VGluT3 expression, 170 for DGL␣ clustering) and lateral (LA; 32, 58) nuclei of the amygdala, and the medial prefrontal cortex (mPFC; 119, 117), primary somatosensory cortex (S1; 114, 134), primary motor cortex (M1; 176, 169), secondary motor cortex (M2; 159, 104), entorhinal cortex (EC; 133, 209), and hippocampal CA1 (CA1; 70, 61) . In the CeA, we analyzed 66 cells for VGluT3 expression and 53 cells for DGL␣ clustering. In laminated cortices, we analyzed the layer II/III. Scale bars, 5 m.
patible with the fact that mGluR 5 blockade shortens the duration of DSI in the BLA (Zhu and Lovinger, 2005) and abolishes CB1-mediated short-tem synaptic depression in the hippocampus (Sheinin et al., 2008) .
Such modulatory roles by glutamate may hold true for CCK. Both CCK and CCK 2 R are densely expressed in the BLA (Larsson and Rehfeld, 1979; Vanderhaeghen et al., 1985; Honda et al., 1993; Mascagni and McDonald, 2003) , and rich CCK 2 R mRNA expression in BA pyramidal cells was shown in the present study. Although subcellular localization of CCK 2 R remains unclear, direct CCK 2 R-mediated excitation of pyramidal cells in the BLA suggests its expression, at least, in somatodendritic neuronal elements (Meis et al., 2007; Chung and Moore, 2009 ). Together, the tripartite transmitter-receptor system appears to reflect cooperative control of synaptic transmission and modulation by invaginating synapses, presumably to propel some specific synaptic mechanisms. first prediction is that, on pyramidal cells, glutamate and CCK, which are released at invaginating synapses and also at excitatory synapses, activate G␣ q/11 protein-coupled mGluR 5 and CCK 2 R, respectively. If the receptor activation is strong enough to produce 2-AG by itself, CB 1 -mediated retrograde suppression of GABA release may be induced at invaginating synapses. Even if the mGluR 5 and CCK 2 R activation is subthreshold, 2-AG production can be facilitated when combined with depolarizationinduced [Ca 2ϩ ] i elevation upon elevated network activities and oscillations. Hence, this facilitative mechanism, together with high CB 1 expression, may underlie lower induction thresholds and larger amplitudes of retrograde suppression of GABA release at invaginating synapses, compared with other inhibitory and excitatory synapses (Yoshida et al., 2011) .
Postulated synaptic mechanisms by invaginating synapses
Structural distinction of invaginating synapses is the expansion of nonsynaptic contact areas by protrusion of presynaptic terminals and the corresponding concavity of somatic membranes. GABAergic synapses, on the other hand, are formed on the bank of invaginations (i.e., in the periphery of invaginating synapses) (Fig. 9, left) . Notably, DGL␣ exclusively accumulated in the nonsynaptic contact areas of the postsynaptic concavity and faces CB 1 at the presynaptic protrusions with a narrow gap of the intercellular space (Yoshida et al., 2011) . Because of this extreme proximity, CB 1 at invaginating synapses, compared with that at conventional synapses, is expected to bind 2-AG in a more readily saturable manner, once it is produced, even in small amounts. Therefore, the second prediction is that invaginating synapses regulate pyramidal cell activities by not only phasic but also tonic inhibition of GABA release through intensive activation of CB 1 . In the hippocampus, while large postsynaptic responses are elicited in pyramidal cells by activating CCK-positive basket cells, eCBs tonically inhibit GABA-mediated responses at some CCK-positive interneuron to pyramidal cell synapses in target cell-dependent and neuronal domain-specific manners (Losonczy et al., 2004; Ali and Todorova, 2010; Lee et al., 2010) . Although DGL␣ was not clustered beneath basket cell terminals, its wide somatic expression in hippocampal pyramidal cells (Fig.  7C ) may mediate this topic inhibition. Together, it can be assumed that invaginating synapses are evolved to be prone to undergo 2-AG-mediated tonic inhibition of transmitter release. Induction and disruption of tonic inhibition under certain physiological and pathophysiological conditions that affect basket cell activities, surface expression of CB 1 , and ambient 2-AG concentrations could potently alter the excitability and firing patterns of pyramidal cells.
CCK is a potent anxiogenic neuropeptide that promotes anxiety-like behavior and cued fear expression in rodents and elicits panic attacks in humans (Belcheva et al., 1994; Kennedy et al., 1999; Chen et al., 2006) . Intriguingly, signaling systems through CCK 2 R and CB 1 counteract fear memory extinction Chhatwal et al., 2009) . Based on the observation that impaired fear memory extinction by pharmacological CB 1 blockade is reversed by intra-BLA infusion of CCK 2 R antagonist, Chhatwal et al. (2009) have proposed that the impaired extinction learning by CB 1 antagonism is mediated by an inability of eCBs to reduce CCK release. According to this hypothesis, the third prediction is that invaginating synapses are a neuronal device to effectively mute CCK signaling upon activation of CB 1 . Because activities of CCK-positive basket cells are highly sensitive to emotional, motivational, and physiological states of the animal (Freund, 2003) , functional interplay of eCB and CCK signaling likely provides invaginating synapses with retrogradely modulatable mechanisms for CCK release, which may further enable fine-tuning of pyramidal cell oscillations and coordination in activity-and state-dependent manners. These predictions need to be tested in future experiments.
Anatomical invagination and DGL␣ clustering
In various cortical regions, VGluT3 ϩ /CB 1 ϩ /VIAAT ϩ basket cell terminals more or less surrounded pyramidal cell somata. Nevertheless, pyramidal cells having perisomatic DGL␣ clusters were present at variable frequencies depending on the cortical regions. Pyramidal cells equipped with VGluT3/CB 1 /DGL␣ assembly were frequent in the sensorimotor and entorhinal cortices. In the entorhinal cortex, invagination was selectively formed by VGluT3-positive terminals and at DGL␣ clusters. In contrast, Figure 9 . Schematic illustrations summarizing distinct molecular-anatomical architectures for 2-AG-mediated retrograde signaling at three types of basket cell-pyramidal cell synapses in cortical and cortex-like amygdaloid regions. Left, VGluT3-positive CCK basket cell synapse (invaginating synapse). Middle, VGluT3-negative CCK basket cell synapse (flat synapse). Right, Parvalbumin (PV)-positive basket cell synapse (flat synapse). Prevailing scheme has dichotomized basket cell synapses into CCK basket cell synapses with high CB 1 expression and PV basket cell synapses lacking CB 1 expression (Freund, 2003; ). The present study has disclosed that VGluT3-positive CCK basket cells selectively construct invaginating synapses on pyramidal cells. At invaginating synapses, basket cell terminals may corelease GABA, glutamate, and CCK (tripartite transmitters), of which GABA is involved in fast inhibitory synaptic transmission, whereas glutamate and CCK modulate neuronal and synaptic functions through activation of mGluR 5 and CCK 2 R. Activation of these G␣ q/11 protein-coupled receptors, together with depolarization-induced [Ca 2ϩ ] i elevation, should facilitate 2-AG-mediated retrograde suppression of transmitter release. Furthermore, extreme proximity of DGL␣ with CB 1 at invaginating synapses makes them prone to induce 2-AGmediated tonic inhibition, compared with VGluT3-negative CCK basket cell synapses.
perisomatic DGL␣ clusters were rare in the medial prefrontal cortex and hippocampal CA1, where basket cell terminals expressing both CB 1 and VGluT3 construct perisomatic baskets but did not form DGL␣ clusters beneath them. In the BLA, we have previously shown that CB 1 /DGL␣-accumulated invaginating synapses are selective to the BA (Yoshida et al., 2011) . In the present study, we found different pyramidal cell populations in the BA, one carrying DGL␣ clusters and another lacking them, and the absence of VGluT3-expressing GABAergic interneurons and terminals in the LA.
Together, it is conceivable that anatomical invagination is constructed when VGluT3-expressing CCK-positive basket cells innervate pyramidal cell populations that can recruit DGL␣ to their contact sites and that mechanisms mediating anatomical invagination and DGL␣ clustering may be differentially working among pyramidal cell populations. Distinct architectures of pyramidal cells differentiating invaginating synapses in the cortical regions and cortex-like amygdala should reflect different properties and requirements for induction, regulatory, and cooperative mechanisms for 2-AG-mediated retrograde signaling in given subregions.
